Abstract-The purpose of this study was to compare and contrast postural responses to lateral and A/P surface translations by quantifying joint positions, bilateral three-dimensional (3-D) ground reaction forces, and lower limb and trunk muscle electromyographic (EMG) activity. Subjects stood on a movable platform which was randomly translated in four different directions. The kinematic patterns in response to lateral and anterior/posterior (A/P) surface translations were similar in that there was a sequential displacement and reversal of the shank/thigh and then trunk segments. While the body center of mass (CoM) was displaced equally in response to lateral and A/P translations, equilibrium was maintained by redistributing the vertical forces and changing the shear forces exerted against the support surface. These force responses were bilaterally symmetrical for A/P translations but not for lateral translations. With respect to EMG activity, the first muscle activated was the proximal tensor fascia latae for lateral translations whereas the distal muscles were recruited first for A/P translations. Results from this study suggest that control of postural equilibrium may be similar for A/P and lateral translations, although specific differences in patterns may reflect various biomechanical constraints of the trunk and the lower extremities associated with the two planes of movement.
I. INTRODUCTION

D
URING every day life, unpredictable circumstances result in disruptions and challenges of equilibrium from many different directions, including those that occur in the frontal plane to medial/lateral instability. Control of balance in the sagittal (anterior/posterior) and frontal (medial/lateral) planes has recently been compared during quiet stance [1] . Winter et al. [1] suggest two different postural control mechanisms for sagittal and frontal balance in which anterior/posterior (A/P) balance is maintained by ankle (plantar/dorsiflexor) control, whereas medial/lateral balance is maintained by hip (abductor/adductor) control. We hypothesize that these mechanisms are also used for dynamic postural control when subjects are being exposed to a sudden perturbation of the support surface.
Many of the human postural studies to date have suggested a limited repertoire of responses to A/P surface translations [2] - [3] . In response to slow velocity, small amplitude surface displacements, the body behaves like a flexible, inverted pendulum, displacing the body center of mass (CoM) while keeping the trunk approximately aligned with the lower extremities. The postural responses to these A/P translations are implemented by a distal-to-proximal recruitment of muscle bursts [2] . In response to high velocity, large amplitude surface displacements, or while standing on a narrow surface, the postural responses consist of marked hip flexion or extension to move the CoM quickly by bending the trunk forward or backward [2] , [4] . The postural responses are implemented by adding early trunk muscle activation and active torques at the hip joints superimposed upon ankle muscle activation and ankle torques [4] .
Control of the body CoM in the frontal plane has not been well studied, although its importance is implicated in many functional tasks. For step initiation, lateral movement of the body CoM to unload the initial step leg is initiated by a burst of activity in tensor fascia latae of the stance leg [5] - [6] . Postural studies that examined frontal plane balance during step initiation in hemiparetic subjects [7] demonstrated that brain damage can compromise stability by affecting the latency and/or the impulse of lateral weight transfer. Control of lateral stability in stance as measured by variability in lateral center of pressure (CoP) has been demonstrated to be a better predictor of falls in the elderly than A/P stability [8] .
Although it has been suggested that control of lateral CoM equilibrium is assisted via trunk and hip movements in quiet stance [1] , little has been reported on the control of lateral stability in response to external perturbations. Preliminary studies which characterized postural responses to lateral surface translations reported an early activation of hip and trunk muscles as well as coactivation of ankle muscles in the stance leg [9] - [10] . However, neither of these studies fully characterized postural control in response to lateral perturbations. The present study was conducted to compare the similarities and differences between postural responses used to maintain equilibrium in the sagittal (A/P) and frontal (medial/lateral) planes to determine to what extent similar neural mechanisms can be used to control multidirectional postural responses. The postural responses were characterized by the body kinematics, the three dimensional ground reaction forces, and the electromyographic (EMG) activity of selected limb and trunk muscles.
II. METHODS
Seven healthy subjects, ages 30-41, stood on a movable platform surface which was under the control of a hydraulic servomotor. Subjects stood erect with arms crossed and equal 1063-6528/98$10.00 © 1998 IEEE Fig. 1 . An example of responses to a rightward surface translation from one subject show an averaged, integrated EMG trace for the left tensor fascia latae (TFL), force traces from the left (thick lines) and the right (thin lines) force plates, and platform positions (X; Y ). Zero time represents the onset of platform translation. Three epochs were defined for surface force analysis: 1) quiet stance background (50-150 ms before translation), 2) the passive period (50-100 ms after translation onset) indicated by the dashed vertical lines, and 3) the active period (100-300 ms after translation onset) represented by the gray shaded area. The diagram on the right shows a schematic of the force plates with the force configurations and various distance measures. weight on each foot on separate force plates. They were instructed to stand in a comfortable position with their head facing forward. A sigmoidal signal was used to translate the platform 9 cm in 200 ms at a peak velocity of 35 cm/s (peak acceleration of 13.5 cm/s 2 ) in each of the four directions (Fig. 1) . These perturbation characteristics are well within a medium range which elicited a postural response without inducing a step [4] . Subjects received five trials, of three seconds duration, presented randomly in each of four different perturbation directions (left, right, anterior, posterior) for a total of 20 trials. The heels were placed 10 cm apart with ten degrees of toe out to achieve a comfortable natural stance posture with a relatively small base of support. The same experiment was repeated on five subjects who returned for a second day of testing. Since there were no differences in maximum displacement of CoP or in muscle latencies between the two testing days, data were combined for a total of 10 trials in each of the perturbation directions for each subject.
A Hi-Res Motion Analysis System (Santa Rosa, CA) provided three-dimensional (3-D) position information for calculation of the joint and body segment kinematics. Reflective markers were placed on the left side of the body near the center of joint rotation for the fifth metatarsophalangeal, the ankle, the knee, the hip, and the shoulder joints. Two high resolution video cameras, sampling at 60 Hz, recorded the displacement of the left side of the body. Symmetry of motions about the body's midline was confirmed by placing markers bilaterally on the five subjects who returned for a second day of testing. Thus, in all subsequent kinematic analysis, movement of the right side of the body was extrapolated from the left-sided kinematics.
Segment angles were defined with respect to horizontal in the following manner: the trunk segment was defined by connecting the shoulder and hip marker; the thigh segment by connecting the hip and knee marker; and the shank segment by connecting the knee and ankle marker. The joint angles were defined as follows: the hip joint was the angle between the trunk and thigh segments (a decreasing angle corresponds to hip flexion or hip adduction); the knee joint was the angle between the thigh and the shank segments (a decreasing angle corresponds to knee flexion); the ankle joint was the angle between the shank and the floor (a decreasing angle corresponds to dorsiflexion or inversion). We recognize that the trunk segment might be ill-defined in that the segment actually contains many smaller segments of the lower back and the pelvis, all of which are capable of moving in three dimensions. Likewise, our designated hip joint is also comprised of lumbosacral and sacroiliac joints in addition to the anatomical hip joint. Nonetheless, we can still gain some insights into postural control in sagittal and frontal planes with a three-link model.
A reflective marker was also placed on the moving platform, and the displacement of this marker was subtracted from all other anatomical markers. Moreover, the average background segment or joint angles were subtracted. Thus, the kinematic measurements were all referenced to the moving platform and to the background standing position.
Twenty seven anthropometric measures including length and girth of limb and trunk segments were taken for each individ-ual subject. These anthropometric data were used together with the kinematic data to calculate the CoM position for the shank, the thigh, and the head-arms-trunk segments [11] - [12] . The body CoM positions were calculated as weighted sum of all the segments' CoM positions, using a three link, body segment model [13] .
Force plates with strain gauge transducers [14] were mounted within the movable platform. The three components of the ground reaction force under each foot were recorded for each trial (Fig. 1) . The force signals were amplified and sampled at 120 Hz. The vertical component was derived by summing forces from four force transducers mounted at the four corners of each force plate. The individual and resultant CoP displacements in both the A/P and lateral directions were calculated using standard methods [1] as outlined in Fig. 1 .
The longitudinal and lateral shear forces were vectorially summed to produce the resultant horizontal force vector under each foot. A quasistatic approach was used to calculate the force integrals in 3 epochs: 1) during the background quiet stance (50-150 ms before translation onset), 2) during the passive force response period (50-100 ms after translation onset), and 3) during the active force response period (100-300 ms after translation onset). The window for the passive period does not include the force impulse of the platform movement (Fig. 1) . The window from 50 to 100 ms after translation does not include forces due to active muscle contraction either, since the earliest muscle activation was observed at 90 ms following platform movement. Considering electromechanical delay of muscle contraction and force generation, the passive period could not include any forces due to active muscle responses. The defined active period actually included not only force responses due to active muscle contraction, but also forces due to passive viscoelastic properties of the musculoskeletal system. EMG recordings of leg and trunk muscles used bipolar, silver-silver chloride, disposable electrodes placed over the following 11 left-sided muscles: tibialis anterior, peroneus longus, medial gastrocnemius, soleus, vastus medialis, rectus femoris, adductor longus, semimem-branosus, tensor fascia latae, rectus abdominis, and erector spinae. A ground electrode was placed over the left medial tibial plateau. The EMG signals were amplified (5000-10 000x), band-pass filtered (75-2000 Hz), full-wave rectified, integrated at a cutoff frequency of 200 Hz, and then sampled at 480 Hz. Subjects were asked to perform isometric contractions on each of the 11 muscles before the experiment, and the EMG's were monitored on an oscilloscope to ensure that cross talks between the muscles did not exist. In the EMG analysis of postural responses, the latency of each muscle burst was identified manually as the first burst that was greater than two standard deviations above baseline using an interactive software program (Axograph, Axon Instruments, Foster City, CA). A muscle had to reach a recruitment probability of 60% (active in at least 6 out 10 trials) in order to be considered a dynamic postural response triggered by the surface perturbations.
The above experimental protocol has been approved by the Legacy Good Samaritan Hospital and Medical Center Institutional Review Board and all subjects signed a consent form.
III. RESULTS
A. Kinematics
Kinematic responses to both lateral and A/P surface translations were characterized by a distal-to-proximal progression of body segment movement, so that the trunk was last to return to a vertical orientation. In response to a lateral surface translation, the shank and thigh segments were displaced to their peak positions opposite to platform movement at about 300 ms when the erect trunk began to be displaced (Fig. 2 , first and second rows of segment angle plots). Lateral movement of the trunk opposite to the platform movement peaked between 500-700 ms after translation. The shank and thigh returned to their initial position by approximately 700 ms whereas the trunk returned to a vertical position by approximately 1300 ms after platform translation.
The kinematic responses to posterior translations were similar to the lateral perturbations in that the trunk remained relatively erect initially as the shank and thigh were displaced. As the shank and thigh began their correction at 300 ms, the trunk began to flex forward (opposite to platform movement). The shank and thigh returned to their initial positions by approximately 500-700 ms, and at the same time, the trunk began to reverse its displacement and then reached a stable position by 1100 ms (Fig. 2 , third row, segment angle plots). In contrast to the other perturbations, responses to anterior translations resulted in smaller movements of the trunk and larger displacements of the thigh, which were no longer coupled to the shank displacement (Fig. 2 , fourth row, segment angle plots).
None of the average segment angle changes in response to any perturbations were greater than 11 (Table I , unshaded area). There was approximately twice the change in trunk segment motion compared to thigh and shank motion, except for backward sway to anterior translations in which the thigh and trunk were displaced similar amounts. There was some motion of segments (1-3 ) in the sagittal plane in response to lateral translations, whereas segment motion was negligible ( 1 in the frontal plane in response to A/P translations (Table I , shaded area). These small, off-axis segmental motions, together with the different frontal plane excursions observed in the thigh and shank segments, may be indicative of an axial rotation induced by translations in the lateral, but not A/P directions.
The pattern of hip and ankle joint coordination for lateral and posterior surface translations were similar in that there was a three-stage kinematic pattern, whereas for anterior translations there was a two-stage kinematic pattern (Fig. 2 , joint angle plots). In response to lateral and posterior translations, the hip and ankle joints both were displaced, followed by a reversal of the hip joint angle which returned to its initial position and beyond, and third, a second reversal in which both the hip and ankle joint returned back to their initial Fig. 2 . The kinematic responses to the lateral (top half) and forward/backward (bottom half) surface translations are represented by segment angle plots in the left column, and by ankle-hip joint angle plots in the right column. In the segment angle plots, note that there was sequential movement of segments in a distal-to-proximal pattern for both lateral and forward/backward translations. The ankle-hip joint angle plots from the same four trials demonstrate that for lateral and backward translations, there was a three-phase kinematic response. In contrast, for forward translations, there was a two-phase kinematic response, during which the ankle and hip joints were displaced simultaneously. However, if the knee and ankle joint coordination pattern was examined in response to forward translations, then a three-phase kinematic response was observed (see inset). The asterisk (*) marks the beginning of the movement. positions. In contrast, in response to anterior translations, both the hip and ankle joints were displaced, followed by a reversal in which both joints simultaneously returned to their initial positions. However, the relation between the knee and ankle joint changes in response to anterior translations and showed a similar three-stage coordination pattern observed for hip-ankle joint changes in the other directions of translation (Fig. 2 , see inset, joint angle plots). The knee and ankle joints were both displaced, followed by a reversal of the knee joint toward and beyond its initial position, and thirdly, a second reversal in which both the ankle and knee joint moved toward their initial positions.
B. Contact Forces Exerted Under the Feet
While the body was displaced in a direction opposite to the surface translation as a result of inertia, the origin of the resultant ground reaction force (i.e., total CoP) also changed position. Fig. 3 shows the body CoM displacements in relation to CoP movements. There were no significant differences in the peak body CoM displacements with respect to the different direction of translation. The average peak body CoM displacements were 6 cm ( 1.4) leftward and 7 cm ( 0.5) rightward for lateral translations; as well as 5 cm ( 1.4) backward and 6 cm ( 0.4) forward for anterior and posterior translations, respectively. Simultaneously, the CoP moved in the same direction but with greater magnitude changes to precede and encompass the body CoM trajectory during peak displacement and restoration (Fig. 3) . The average peak CoP displacements were 16 cm ( 1.8) leftward and 14 cm ( 1.9) rightward for lateral translations; as well as 7 cm ( 1.4) backward and 9 cm ( 1.7) forward for anterior and posterior translations, respectively. The discrepancy between CoP and body CoM peak displacements (double arrowhead, Fig. 3 ) was much larger for lateral than for A/P translations, indicating higher rate or acceleration changes in CoP in the frontal plane in response to lateral translations.
The changes in CoP were essentially accomplished by changes in differential loading of the feet (see CoP equations under methods). Thus, in response to a rightward translation, the left leg was loaded, bearing almost the entire weight of the body, whereas the right leg was unloaded, without losing contact with the support surface (see left and right , Fig. 1 ). A combination of right leg loading and left leg unloading occurred with leftward translation. In contrast, a combination of rear feet loading and fore feet unloading or vice versa occurred with A/P translations. Thus, bilaterally symmetric loading and unloading were observed with A/P translations but not with lateral translations.
In the horizontal plane, the shear forces exerted by the seven subjects against the surface displayed a bilaterally symmetric pattern in the passive period (50-100 ms after onset of translation), prior to any triggered postural responses [ Fig. 4(a) ]. The pattern was consistent for all the subjects in that the force vectors were all clustered into one direction, directly opposite to the direction of surface translation. This pattern was not observed in the active period [100-300 ms after onset of translation, Fig. 4(a) ], although the summed resultant forces still effectively opposed surface translation. During lateral translations, the active force responses displayed asymmetrical and diagonal patterns. Shear forces exerted by the loaded leg were directed diagonally backward and opposite to platform movement, whereas shear forces exerted by the unloaded leg were directed forward and in the same direction as platform movement. During A/P translations, the shear force exerted under one foot was a mirror image of the other, directed mainly opposite to surface translation. In general, shear forces during backward translations were larger in magnitude and more laterally directed.
C. EMG Responses
EMG responses to both lateral and A/P translations displayed components of a distal-to-proximal activation pattern except for the early recruitment of a proximal muscle. Fig. 5 shows the average EMG responses from one representative subject. Fig. 6 shows the relative timing of muscle bursts across the seven subjects.
In response to lateral translations, the first muscle activated was tensor fascia latae in the loaded leg at a latency of 103 ms, followed by a coactivation of the ipsilateral tibialis anterior, gastrocnemius, soleus, and peroneus longus 20 ms later, as well as the recruitment of the other thigh and trunk muscles 40-80 ms later. In the unloaded leg, a distinct distalto-proximal muscle activation sequence was observed, starting with tibialis anterior at 130 ms, followed by a coactivation of semimembranosus and adductor longus 30 ms later, and then recruitment of the ipsilateral erector spinae an additional 80 ms later.
In response to A/P translations, there was a distal-toproximal muscle activation pattern except for the early activation of trunk muscles on the opposite side of the body (Fig. 6,  see arrows) . The muscle activation sequence of backway sway in response to anterior surface translations was tibialis anterior at 116 ms, followed by vastus medialis 20 ms later and then rectus abdominis 80 ms later on the ventral side of the body. This distal-to-proximal recruitment sequence was accompanied by activation of semimembranosus and erector spinae on the dorsal side of the body, as well as by activation of the hip abductor, tensor fascia and adductor longus, all at a similar latency of approximately 150 ms. The other muscles, including peroneus longus, did not reach a recruitment probability of 60% (Fig. 6, asterisks) .
The muscle activation sequence for forward sway in response to posterior translations was soleus and gastrocnemius at 105-110 ms, followed by peroneus longus 20 ms later and semimembranosus 50 ms later, and then the erector spinae muscles 90 ms later. This distal-to-proximal recruitment on the dorsal side was accompanied by activation of rectus abdominis at a latency of 136 ms on the ventral side (Fig. 6, arrow) . Tensor fascia latae was active at a similar latency for both anterior (145 ms) and posterior translations (150 ms). The other muscles did not reach a recruitment probability of 60% (Fig. 6, asterisks) . Fig. 4 . Bilateral average forces exerted under the left and right feet by all seven subjects (one average vector per subject) in the horizontal plane during (a) the passive period (50-100 ms after translation onset) and (b) the active period (100-300 ms after translation onset). Arrows represent the direction of platform movement. Note that during the passive period, the horizontal forces are directed opposite to platform movement, whereas during the active period, they are not symmetrical and not necessarily opposite to platform movement.
IV. DISCUSSION
Results from this study suggest that control of postural equilibrium may be similar regardless of perturbation direction, although specific differences in patterns may reflect various biomechanical constraints associated with sagittal and frontal planes of movement. Postural equilibrium was maintained by redistributing the vertical forces under the feet such that the total CoP moved to accommodate displacements of the body CoM in the horizontal plane. Safety and stability were ensured by keeping the CoP movements larger and ahead of the body CoM displacements. Equilibrium was restored by adjusting the horizontal plane forces to oppose surface movements and by specific muscle activation patterns.
Based on studies of CoP and kinematics in quiet stance, Winter et al. [1] suggested that sagittal and frontal plane equilibrium control occurs by different, independent mechanisms; an ankle mechanism (ankle plantar/dorsiflexor) for sagittal and a hip mechanism (left/right leg loading/unloading) for frontal plane control of equilibrium. Unlike quiet stance, responses to external perturbations in the sagittal plane require active control of the trunk and hips in order to quickly move the body CoM back to equilibrium [15] - [16] , similar to postural sway in the frontal plane [1] . Trunk and hip torque are added to ankle torque for maintaining equilibrium in the sagittal plane when the velocity of surface translation increases [4] . Indeed, in the current study, we observed trunk motion and early proximal muscle activation in the sagittal plane as well as in the frontal plane.
Thus, we view sagittal and frontal plane postural responses as part of the same plan for action involving similar force coupling and kinematic patterns for both directions, albeit with differences due to specific biomechanical constraints in each direction. For A/P control, there is a loading/unloading force couple about the fore/rear feet, and for lateral control, there is a loading/unloading force couple about the left/right foot, which together with the shear forces, returns the body CoM back over the base of support. Implementation of postural control in the A/P and lateral directions differ however, with asymmetrical and diagonally opposite shear forces required for lateral, but not for A/P control, and asymmetrical EMG patterns for lateral, but not for A/P control.
A. Equilibrium Control: Kinematics
The observed distal-to-proximal kinematic patterns in response to surface translations are a combination of passive biomechanics, and active neural control. If the body is simplified as a three-link model, the passive biomechanics of the system dictate a distal-to-proximal sequence of segment displacement in response to surface translations. In most directions, the trunk angular displacement in space was much later and larger than the shank or thigh angular displacement. The large inertia of the trunk segment delays displacement of the trunk until long after the shank and thigh are displaced (rotationally) by the surface translation. The biomechanical constraints at the ankle, knee and hip joints contribute to the three-stage corrective kinematic pattern that we observed in three of the four directions. Due to ligamentous and capsular restrictions, the knee joint does not move in the lateral or posterior directions (extension), resulting in a coordinative coupling between ankle and hip joint motion in response to lateral and posterior translations.
In contrast, the ankle-hip joint relationship in response to backward sway with anterior translations was a two-stage corrective kinematic pattern. This pattern is due to limitations of the hip joint in extension and due to the short moment arm between the ankle joint and the heel. The freedom of the knee joint in flexion substitutes for limitations in hip joint extension for correction to backward body sway, resulting in a three-stage coordinative coupling between ankle and knee joint to bring the body back to equilibrium. Thus, a three-stage kinematic pattern is observed for all perturbation directions; however, the biomechanical constraints govern the coupling between joints.
In addition to passive biomechanical constraints influencing kinematic patterns, active neural control is evidenced by larger trunk and/or thigh displacements compared to shank and/or thigh displacements for all perturbation directions. These large trunk and thigh displacements are not only due to gravity, but are assisted by active torques [4] resulting from relatively early proximal muscle activation. The initiation of trunk displacement coincides with reversal of the shank and thigh because the fall of the upper body segment (headarms-trunk) aids the reversal of the shank and thigh, which eventually brings the body CoM back to equilibrium [17] . The active trunk displacement, which assists, rather than opposes gravity, divides the body into two segments resembling a double inverted pendulum, which accelerates the body CoM more quickly than a long, single inverted pendulum [18] . We suspect however that both lateral spinal motion and hip abduction and adduction contributed to our third seg- Fig. 6 . Sequencing of muscle activation in response to lateral and A/P surface translations. Arrows indicate the proximal muscle activated early for both A/P and lateral translations as well as the distal muscle coactivation for the lateral translation. Based on the muscle recruitment probability of 60% or greater, the average latency and standard error across seven subjects is shown. Muscles that had a recruitment probability of less than 60% are indicated with an asterisk (*) at their respective average latency. ment "trunk" displacement in response to lateral perturbations. Instead of a simplified inverted pendulum model, a more complex multisegmental model may account better for the discrepancy noted in the directional changes of the the CoP relative to the CoM after their peak displacements, particularly in the frontal plane due to lateral translations (Fig. 3) .
To correct backward body sway in response to anterior translations, active knee flexion divides the body into two segments in order to minimize the backward displacement of the body's CoM. The coordination pattern of knee flexion with voluntary backward sway has been termed axial synergy [19] . The axial synergy was postulated to be an active neural control process used to control the body CoM over the feet because the kinematic pattern was abnormal in subjects with cerebellar and basal ganglia disorders. Modeling studies for the sagittal plane [4] , [16] need to be extended to the frontal plane in order to distinguish the relative contributions of passive biomechanical constraints and active neural control in producing characteristic kinematic patterns.
B. Equilibrium Control: Surface Forces
There are two components of the surface force which need to be controlled: the vertical force magnitude for weight support (loading and unloading) and the horizontal forces, both of which contribute to equilibrium and stability. Despite differences in front-rear and left-right symmetry due to the bipedal support, the same postural mechanism may be used for controlling vertical forces in response to A/P and lateral surface translations. Differential loading/unloading about the forerear or left-right foot was used to change the point of application of surface contact forces, i.e., the CoP position. The peak displacement of CoP was larger in response to lateral than A/P translations, reflecting more effective relative loading/unloading of the right/left foot than forehind foot loading, respectively. The underlying reason for larger lateral CoP excursions compared to A/P excursions is unclear since the body CoM was displaced equally in all directions and the base of support was approximately equal in all directions. Consequently, the body CoM was restored to its initial position much faster during lateral translations than during A/P translations (Fig. 3) .
The different patterns of horizontal forces exerted by each foot [ Fig. 4(b) ], and the remarkable difference between the later "active" and earlier "passive" periods, suggest a more active, complex control mechanism than that due to simple mechanics. Force responses to lateral translations demonstrated asymmetrical, diagonal horizontal vectors, resulting in a yaw motion against the support surface. For lateral translations, the unloaded foot pushes forward and in the same direction as the platform perturbation, while the loaded foot pushes backward and in the opposite direction as the platform perturbation. The diagonal, horizontal force responses under each foot may be necessary to counteract a twisting moment that may have resulted from an obligatory, coupled rotation of the trunk which accompanies lateral bending of the trunk [20] . The orthogonal A/P movement of the trunk with lateral translations is shown in Table I . The asymmetrical, orthogonal horizontal force response pattern may allow for control of twisting moments in response to a linear translation of the body CoM.
For A/P translations, both legs are performing similar functions, reflected in symmetrical, horizontal force vectors. In response to posterior translations, the horizontal force vectors are directed more outward than in response to anterior translations, which may reflect the biomechanical constraints of a slight toe-out position. The horizontal force vectors in all perturbation directions may reflect control of the trunk, as do the kinematic and the muscle activation patterns.
C. Equilibrium Control: Muscle Activation Patterns
The EMG patterns for the four different perturbation directions were similar in that there was an early proximal (trunk or hip) muscle activation in all directions as well as an underlying distal-to-proximal muscle activation pattern. The activation of these trunk and hip muscles may create the required moments to move the body CoM back to equilibrium. In response to lateral translations, the tensor fascia latae plays a role in moving the body CoM and the distal muscles act as stabilizers in the loaded limb. Simultaneously, muscles in the unloaded leg were also recruited as part of an active unloading response. Early activation of the tensor fascia latae in the loaded leg due to lateral translations as well as to loading of the stance limb for step initiation has been reported in previous studies [5] , [9] , [10] .
For A/P translations, a distal-to-proximal muscle activation pattern has been reported for low velocity translations [2] , with the addition of early, proximal trunk muscles for faster translations [4] . When rectus abdominis is recruited early in response to backward translations, active hip joint moments combine with active plantarflexion moments to accelerate the body CoM back to equilibrium [4] , [16] .
One thigh muscle, the adductor longus, was most active in response to anterior translations rather than to lateral translations, which would not be the predicted response based on the muscle's anatomical orientation. The adductor longus, together with the tensor fascia latae, may play a role in stabilizing the pelvis so that other muscles could be functional in moving the body CoM to equilibrium. The iliopsoas and the quadratus lumborum muscles probably also play an important role in pelvis and trunk control, but their activity could not be recorded with surface electrodes in this study.
In summary, postural equilibrium is achieved by changing the locus of the CoP and adjusting the surface contact forces. There may not be two separate control mechanisms for sagittal and lateral control of the body CoM, since control in both directions requires involvement of both hips and ankles, and both shear forces and vertical force couples. However, the control must be implemented by adaptable kinematic, force and muscle activation patterns, depending on the various biomechanical constraints in the different planes of movement.
